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Introduction

Organic electrochemical transistors (OECTs), consisting of
organic mixed ionic-electronic conductor (OMIEC)-based

Effect of channel patterning precision on the
performances of vertical OECTs¥}

Ruhua Wu, 2@ Chufeng Wu,? Jinhao Zhou,? Liang-Wen Feng,? Jianhua Chen,©
Dan Zhao*® and Wei Huang (=) *?

Precise patterning of electronic functional layers is vital for integrated electronics, where high integration
density is required. Similarly, for organic electrochemical transistors (OECTSs), the patterning precision of
the channel layer is essential for device miniaturization, parasitic capacitance reduction, and accurate per-
formance evaluation. In particular, for an emerging OECT architecture, vertical OECT (vVOECT), the effect
of patterning precision on key device parameters (such as transconductance (g,,) and transient time (z))
remains unclear. Here, controllable patterning of VOECT channel regions is realized by direct laser
etching, where 2-100 pm margin lengths (v) are left beyond the vertical channel area. By quantitatively
analyzing the impact of margin areas on device performance (including drain currents (/p), gm, and 1), it
has been found that a larger [y leads to significantly increased Ip and g, in both n- and p-type OECTs
(106.94% and 61.46% enhancement of /p and 102.92% and 92.59% enhancement of g, in n- and p-type
OECTs, respectively, are observed as [y increases), which saturate under an [y of ~60 pm. Nevertheless,
linearly increasing = (from hundreds of microseconds to a few milliseconds) is observed with increasing
[m. revealing that parasitic capacitance outside the channel would result in a longer redox reaction time
but not always higher Iy and g, It is revealed that the patterning precision of active layers alters the OECT
performances tremendously and can be designed to meet different application requirements (either high
amplification capability, high integrating density, or fast response time) in OECT-based electronics.

The performances of OECTs can be improved through various
methods, including polymer backbone design and side-chain
engineering,'®"® gate/electrolyte or channel/electrolyte inter-
face optimization,'®" and device structural innovation.>*>*

channels, exhibit mixed ionic and electronic coupling and
transport capabilities." Therefore, exceptionally high trans-
conductances (gm, >10 mS) can be acquired in OECTs due to
large volumetric capacitance (>10 F cm™) by ion doping into
the channel, making them ideal for biosensors with simul-
taneous sensing and amplification capabilities.*”® Moreover,
OECTs can be further integrated into complementary logic cir-
cuits with good biocompatibility and biomimetic
properties,” " which can be further applied in next-generation
neuromorphic electronics and brain-computer interfaces.'> ™
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In particular, by introducing a vertical device geometry, ver-
tical OECTs (VOECTs), which are distinct from the convention-
al planar OECTs (cOECTs), demonstrated a reduced channel
length (OMIEC film thickness) of less than ~100 nm, an
enhanced g, of 0.2-0.4 S, an on/off current ratio (Ion/Iog) of
~10’, a transient time (7) of less than 1 ms, and ultra-high
cycling stability (>50 000 cycles).?**>*® Such high transistor
performances rely on a transistor channel with photopattern-
ing capability by mixing OMIECs with photo crosslinkers.
Moreover, precise and well-defined OMIEC patterning not only
facilitates device integration, enhances integration density,
and reduces crosstalk, but also significantly impacts the per-
formances of individual devices, including gm, Ion/Iog, etc.>”>°
For instance, Enrico et al.>* demonstrated that by using femto-
second laser microfabrication to pattern the encapsulation
and OMIEC layers of cOECTs, a significantly shortened 7 (from
hundreds of milliseconds to hundreds of microseconds) was
achieved. Moreover, research on the patterning of semi-
conductor layers in planar thin-film transistors (TFTs) has
shown that precise patterning of the active region would con-
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tribute to better transient performances.*’*> Even though a
previous study revealed that the contact area in planar OECTs
would also affect the transistor dynamic characteristics,*” for
VOECTs, studies that provide a quantitative analysis of the
impact of patterning precision on the performance metrics are
still missing. Providing such a correlation between device per-
formance and channel patterning precision would be extre-
mely valuable to guide the design, fabrication, and optimiz-
ation of vOECT-based electronics.

Here, vOECTs based on n-type poly(benzimidazobenzophe-
nanthroline) (BBL) and p-type poly(2,5-dipentaethyleneglycol-
3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione-alt-2,5-bis(3-triethyleneglycoloxythiophen-2-yl))  (gDPP-
g2T) as the channel OMIECs (Fig. S1t) are fabricated and
characterized to examine the effects of channel patterning pre-
cision on the transistor’s static and dynamic performances. A
picosecond direct laser writing (DLW) system is applied to pre-
cisely pattern the BBL-based channel, achieving a patterning
resolution and alignment accuracy of <2 pm. Consequently, by
increasing the margin length () of the OMIEC pattern from
2 pm to 100 pm for BBL-based vOECTs (Fig. 1), o, and Iy
increase from 0.36 + 0.01 mA and 0.75 + 0.11 nA to 0.72 +
0.86 mA and 4.81 + 0.97 nA, respectively. Meanwhile, 7., (turn-
on transient time) and 7. (turn-off transient time) grow from
2.16 + 0.11 and 0.43 + 0.07 ms to 7.64 + 0.93 and 1.60 +
0.17 ms, respectively, as Iy, increases from 2 to 100 pm. Similar
trends on these key parameters are also observed in p-type
gDPP-g2T-based vOECTSs. Specifically, I,, increases with the
expanded /y; and reaches a plateau, which can be well-fitted by
employing a fringing effect model, while I,¢ is dominated by
the channel capacitance, following a quadratic function con-
cerning ly. On the other hand, r exhibits an approximately
linear trend depending on Iy, which agrees with that in the
Bernards model.*® This work indicates that a larger margin
region beyond the effective channel area contributes to
additional I,, and g, due to parasitic currents, but slower
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device response due to larger volume capacitance.
Consequently, a quantitative relationship between vOECT per-
formance and channel patterning precision is established,
which provides guidelines for the optimal demand-oriented
design of bioelectronics with either high amplification capa-
bility (high g.,,), fast response (short 7), or dense integration.

Results and discussion

n-Type vOECTs were fabricated on 1 mm thick glass substrates
by vertically stacking a bottom Au electrode, a DLW-patterned
BBL film, a top Au electrode, and an encapsulation layer
(Fig. 1a). The detailed fabrication process can be found in the
Experimental section, where vOECTs with approximately
100 nm thick BBL (Fig. S2 and Table S1}) sandwiched between
top (drain) and bottom (source) electrodes with the same elec-
trode width (Wr and Wg) of 30 pm were fabricated. In particu-
lar, the OMIEC films were patterned within different / of 2, 5,
10, 20, 40, 60, 80, and 100 pm, respectively, beyond the overlap-
ping effective channel region, where the encapsulation layer
has the same opening size as that of the patterned OMIEC
film (Fig. 1b, c and S31). The DLW process effectively ensures
patterning and alignment precision between the bottom elec-
trode and the semiconductor film within 2 pm.

The transfer, g, and subthreshold swing (SS) character-
istics of the vVOECTs based on BBL with varied [, are demon-
strated in Fig. 2a-c, where I, gate current (Ig), and gy, exhibit
obvious increasing trends as Iy; expands. It should be noted
that due to the geometric symmetry of the vOECT, selecting
either the top or bottom electrode as the source or drain elec-
trode would not significantly affect device performances
(Fig. S47). At the same time, the lowest SS remains relatively
unchanged at approximately 65 mV dec™' in all devices.
Meanwhile, the slightly negatively shifted threshold voltage
(Vin) with increasing Iy suggests that more ionic injection
pathways towards the channel and/or smaller electrode—
channel interface resistance with a larger margin area may be
formed (Fig. S57). Specifically, as shown in Fig. 2d, I,n (Ip
under Vg = 0.6 V and Vp, = 0.1 V) gradually increases from 0.36
+0.01, 0.47 + 0.04, 0.51 + 0.05, 0.62 + 0.02 and 0.67 + 0.03 mA
with an /y of 2, 5, 10, 20, and 40 pm, respectively. Then, I,,
reaches a plateau of ~0.72 mA when [ is >60 pm. For Ig, as
the Iy increases from 2 pm to 100 pm, an approximately two
orders of magnitude increase in I (from ~10™° A to 1077 A at
Vg = 0.6 V and from 107'° A to 10® A at Vg = —=0.2 V) is
observed. Such a phenomenon indicates that, as enlarged Iy
leads to more margin areas other than the direct channel area
(the overlapping area of top and bottom electrodes), pro-
nounced ion injection/extraction behavior in the OMIEC
channel would result in extra electron carrier transport paths
between source/drain electrodes.

Next, a fringe field effect model, which has already been
validated for its effectiveness in planar thin film transistors,**
is employed to fit the above I, variation. Here, the Iy of
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Fig. 1 (a) Fabrication flow diagrams of a DLW patterned vOECT, (i) bottom electrode deposition and patterning, (i) OMIEC channel spin-coating
and patterning, (iii) top electrode deposition, and (iv) encapsulation layer deposition and patterning. (b) Schematic of a VOECT and definition of the
margin length (lv). (c) Microscopy images of the BBL-based VOECTs with different patterning precisions (scale bar = 100 pm).
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Fig. 2 (a—c) Transfer characteristics (Vp = 0.1 V) on the log scale (a) and linear scale (forward scan only) (b), and plots of g, and SS of BBL-based
VOECTSs with varied Im. (d—g) Key parameters of /o, (d), gm (€), Iog along with Ig in the off-state (f), and the on/off ratio (g) of BBL-vOECTs as a func-
tion of [y (error bars represent the standard deviation of 5 individual vOECTSs from 3 batches).

VOECTSs can be divided into two components, expressed by the
following formula:

ID :Ich +Ifr (1)

where I.;, is the portion of current contributed by the direct
channel area demonstrated by Bernards’ model®’ and Iy, is the
parasitic current generated by the fringe field in the redundant
area. Meanwhile, current flux (/) can then be expressed as eqn
(2) according to Ohm’s law:

J = qun(r)E(r) (2)

where g is the elementary charge, u is the carrier mobility, 7 is
the electron density, E is the electric field, and r is the position
vector. A schematic of a vOECT with a redundant pattern at
the electrode edge is shown in Fig. S6.f It is assumed that in
the quasi-2D OMIEC thin film, the electric field is distributed
along the z-direction, while the field and concentration depen-
dence is neglected, meaning that both n and p are set to be
constants.***> Therefore, I, can be expressed as follows:

8636 | Nanoscale, 2025, 17, 8634-8641

Iy = qun JEﬁ-(S)dS (3)

where Ey, is the fringing field. Since providing precise numeri-
cal calculations of the fringing electric field is highly challen-
ging, we approximate the distribution of E¢ within the redun-
dant semiconductor regions using Lumerical Charge simu-
lations (see the ESI notet). The simulation results (Fig. S71)
reveal that Ey exhibits decay proportional to x> and depends
on the potential difference between the top and bottom elec-
trodes and the distance between the electrodes (d, OMIEC film
thickness):

Bilx) = 100 (4)

where A is an area factor. Considering only the regions where
the OMIEC film is in direct contact with the electrodes (areas
®, @ and ®, @ in Fig. S67), the expression for I can be
derived as follows:

This journal is © The Royal Society of Chemistry 2025
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VpA
Ifr = qun - Z(WB + WT) %J‘xizdx (5)
where Wy and Wy are the bottom and top electrode widths,
respectively. Thus, the parasitic current within Jy; from 2 pm
(the highest patterning precision) to x pm (x > 2 pum) can
be obtained by evaluating the integral of eqn (5) over the range
[2, x]:

VbA (1 1
Iye = qun - 2(Wg + Wr) % (* - *) (6)

2 x

Consequently, the data in Fig. 2d are fitted by combining
eqn (1) and (6). It should be noted that this model only con-
siders the OMIEC margin areas that make direct contact with
the electrodes (areas M-@®, Fig. S6T) while disregarding the
areas that are not making direct contact with the electrodes
(areas ®-®, Fig. S61). As shown in Fig. 2d, under such a
model, a good fitting result is demonstrated with excellent
agreement on the measured I,,. Furthermore, Fig. 2e illus-
trates peak g, of VOECTs with varied ly of 2, 5, 10, 20, 40, 60,
80, and 100 pm being 1.21 + 0.03, 1.62 + 0.14, 1.70 + 0.14, 2.04
+0.12, 2.12 + 0.11, 2.29 + 0.13, 2.23 + 0.08, and 2.39 + 0.12 mS,
respectively. The g, variation concerning I, corresponds to
that of I,,, exhibiting sharp growth followed by a plateauing
trend. This suggests that the parasitic current effect in the
redundant OMIEC region predominantly contributes to this
portion of g,.

Compared to I,,, the increase in the I, of VOECTSs is more
apparent, which rises from 0.75 + 0.11 nA to 4.81 + 0.97 nA as
I\ increases from 2 to 100 pm. According to the current dis-
crete model, I (L) is composed of two parts: Iy and
Isp.>%78 In the off-state of VOECTS, Icy contributes little to I,
due to the negligible conductivity of pristine BBL.* Thus, I ¢
is dominated by the portion of Igp (Fig. S81). Based on the
variation in Ig during the off-state of the OECT, it can be
observed that they are proportional to the OMIEC redundant
area between the electrolyte and the channel, exhibiting a
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quadratic relationship concerning I, (Fig. 2f). It is concluded
that I; is primarily dominated by the volume capacitance of
the channel, which is reflected by the ionic doping/dedoping
currents.”® Furthermore, the electrolyte-gold electrode contact
has been demonstrated to affect the performance of the
VOECT, particularly the I (Fig. S9 and S10t). Therefore, accu-
rate patterning of the OMIEC channel is beneficial for
improved I,,/I.g ratios (Fig. 2g). As the Iy decreases from
100 pm to 20 pm, the I,,/I ¢ ratio of the BBL-based vOECT
increases from (1.53 + 0.28) x 10° to (7.00 + 0.51) x 10° It
should be noted that further reducing /; causes an abnormal
increase in I,n/lom, which is due to possible short circuits
between the top and bottom electrodes as shorter [y, may lead
to imperfect gapping between electrodes, resulting in a slight
decrease in I,,/Ig for more precisely patterned vOECTs (ly <
10 pm).

To validate the transistor performance variation trend
affected by channel patterning precision, p-type gDPP-g2T-
based VOECTs are also fabricated and characterized with
different I;. It should be noted that a photolithography pat-
terning process is employed by mixing gDPP-g2T with a photo-
crosslinker (double-end trifluoromethyl diazirine (DtFDA)).
Here, p-type thin films with a thickness of ~124 nm and an Iy
of 5 to 100 pm are fabricated (Fig. S2, S11-12 and Table S17).
The transfer characteristics of the p-type OECT are shown in
Fig. 3a, where the SS and Vj, remain relatively constant with
varying l;, with values of 95.44 + 1.08 mV dec " and —0.30 *+
0.01 V, respectively (Fig. 3b and c). As l; increases from 5 pm
to 100 pm, I, increases from 3.42 + 0.11 to 5.67 + 0.24 mA,
which can be fitted using the fringe field model (Fig. 3d).
Similarly, g, increases from 13.36 + 0.49 mS to 20.08 =+
1.45 mS as Iy increases from 5 pm to 100 pm (Fig. 3e), while
I increases from 12.76 + 1.41 to 157.78 + 20.08 nA, demon-
strating a trend similar to that in n-type vOECTSs, which fits
well with a quadratic function of k, indicating proportionality
to the patterned area (channel capacitance) (Fig. 3f).
Furthermore, the effect of patterning on I,n/Ios follows the
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Fig. 3 (a—c) Transfer characteristics (Vp = —0.1 V) on the log scale (a) and

linear scale (forward scanning only) (b), and plots of g, and SS of vVOECTs

with a gDPP-g2T channel with varied [n. (d—g) Key parameters of /,, (d), gm (€), lo¢ along with /g in the off-state (f), and the on/off ratio (g) of gDPP-
g2T-vOECTs as a function of Iy (error bars represent the standard deviation of 5 individual vOECTs from 3 batches).
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same trend as that observed in the n-type OECT. As Iy
increases from 5 pm to 100 pm, I,./I¢ decreases from (2.70 +
0.28) x 10° to (0.36 + 0.05) x 10° (Fig. 3g). These results
confirm the assumptions for n-type OECTs and indicate that
the impact of semiconductor patterning on device perform-
ance is independent of the type of charge carrier.

Additionally, the impacts of patterned precision on the
transient characteristics of the vOECTs are investigated. Fig. 4a
shows the transient curves of the n-type vVOECTs with Iy
varying from 2 pm to 100 pm. It should be noted that the
applied input pulses (Vgg) exhibit a spike width of 0.1 s and an
amplitude from —0.3 V to 0.5 V, along with a Vpg of 0.1 V. The
extracted 7 are presented in Fig. 4b and c, where 7., and 7o
increase from 2.16 + 0.11 ms and 0.43 + 0.07 ms to 7.64 +
0.93 ms and 1.60 + 0.17 ms, respectively, as Iy, increases from
2 pm to 100 pm. Both 7,, and 7.¢ exhibit an approximately
linear relationship with ;. According to the ionic circuit that
describes the ionic transition in the electrolyte of OECTs, the ¢
of OECTs is related to the solution resistance (Rs) and channel
capacitance (Ccy) (Fig. $13(i)1).*® Imperfectly patterned
regions of the BBL can generate parasitic capacitance (Cp,),
leading to variations in the transient response time of vOECTs.
Considering the influence of Cp,, the ionic circuit is trans-
formed into Fig. S13(ii),} where = oc R§(Ccy + Cp;). From the
electrochemical impedance spectroscopic (EIS) measurement
(Fig. S147) of the vOECTS, where the corresponding values of

R§(Cch + Cpr)

are calculated, it exhibits an approximately linear variation
concerning I (Fig. S157). Similarly, the transient character-
istics of the p-type OECT are shown in Fig. 4d. By fitting the
data, it is revealed that the variation of 7, and 7 for [, still
shows obvious linear characteristics (Fig. 4e and f).
Additionally, the cycling stabilities of BBL-based vVOECTs with
different patterning precisions are investigated (Fig. S16-187).
The results indicate that redundant semiconductor areas
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Fig. 4 Transient response (a) and the plots of 7., (b) and 7. (c) of
n-type VOECTs as a function of [y. Transient response (d) and the plots
of 7, (€) and 7. (f) of p-type VOECTSs as a function of [y, (error bars rep-
resent the standard deviation of 5 individual vOECTs from 3 batches).
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would not significantly affect I,,, and g, during the stability
measurement. The I,, of the devices with [, = 5, 40, and
100 pm decay to 86.67%, 89.01%, and 81.63% of their initial
values after 50 000 cycles, while the values of g, are 89.42%,
88.76%, and 86.33%. However, the increase in I is signifi-
cantly more pronounced in the vOECT with l; = 5 pm com-
pared to devices with larger patterns. This suggests that
electrochemical reactions at the film edges may exacerbate
structural variations in the polymer impairing the device’s off-
state performance.

Conclusions

In this work, the key performance metrics of both n- and
p-type VOECTs, including Ion, Iot, &m, Ton/lotr, and 7 for pattern-
ing precision, have been investigated by adopting DLW for
n-type OMIECs and photopatterning for p-type ones. It is
revealed that the expansion of ly; enhances the I,, and gy, of
VOECTs but also leads to higher I,¢ and longer 7. As Iy
increases, I,, and g, increase significantly and saturate with
Iv > 40 pm. A fringe field model considering parasitic currents
from the OMIEC that makes direct contact with the source/
drain electrode outside the channel area shows good fitting to
experimental trends. Additionally, an increase is observed in
Iogr and I, following a quadratic relationship with I, which is
attributed to the additional margin areas that introduce higher
channel capacitance and an additional leakage path.
Moreover, channel patterning precision also influences the
dynamic performance of vOECTSs. As I decreases, the z,, and
7o Of both n-type and p-type VOECTs are significantly
reduced. This improvement in z with a shorter /; is due to the
less parasitic capacitance. These findings underscore the
importance of patterning precision in the vOECT channel and
provide guidance and reference for optimizing the perform-
ance of organic electronics based on OECTs.

Experimental section
Materials

gDPP-22T, DtFDA, and cinnamate-cellulose (Cin-Cell) were syn-
thesized based on previous reports.”>*°™**> SU-8 and the SU-8
developer were purchased from Wenhao Co., Ltd. BBL, isopro-
pyl alcohol and chloroform were purchased from Sigma-
Aldrich. Phosphate buffer saline (PBS) is supplied by Solarbio
and used as the aqueous electrolyte.

Solution preparation

gDPP-g2T and Cin-Cell were first dissolved in chloroform with
a concentration of 20 mg mL™", respectively. DtFDA was dis-
solved in chloroform with a concentration of 100 mg mL ™.
These solutions were stirred at room temperature overnight.
Solutions for the p-type channel layers were prepared by
mixing the solution gDPP-g2T with the solution of DtFDA and
Cin-Cell to yield a weight ratio of 10:1: 6. A blend solution of

This journal is © The Royal Society of Chemistry 2025
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20 mg mL™" Cin-Cell and 100 mg mL™" DtFDA with a weight
ratio of 4:1 was prepared for the precursor of the encapsula-
tion layer. A solution for the n-type channel layers was pre-
pared by solving BBL in methanesulfonic with a concentration
of 20 mg mL™".

VOECT fabrication

n-Type vOECTs. Glass substrates were first sonicated in soap
water, deionized water, acetone, and isopropyl alcohol for
15 minutes, respectively, followed by UV-ozone cleaning
(Shenzhen Hwo Technology Co., Ltd) for 15 min. Then, 3 nm
Cr and 150 nm Au layers were thermally evaporated (in a
vacuum at 1.5 x 10> Pa, at deposition rates of ~0.1 A s™* for
Cr and ~1.5 A s™' for Au, respectively), subsequently.
Patterning of electrodes is next accomplished using a DLW
system (R4, LPKF Laser & Electronics AG, Germany) with a
laser power of 0.5 W and a frequency of 200 kHz, followed by
an additional 15-minute sonication in isopropyl alcohol and
UV-ozone treatment. Subsequently, 20 mg mL ™' BBL solution
was spin-coated at 3000 rpm for 1 min. Then, the BBL thin
films were patterned within different /; by using the DLW
system (a laser power of 0.11 W and a frequency of 500 kHz).
Then, a 150 nm Au top electrode was thermally evaporated at a
rate of ~1.5 A s™" under vacuum (1.5 x 10 Pa). Subsequently,
for n-type OECTs, an SU-8 encapsulation layer was spin-coated
at 2000 rpm for 1 min followed by a 1 min soft bake before
cross-linking with 365 nm UV exposure for 20 s. Subsequently,
after an additional 1 min of post-exposure bake, the encapsula-
tion layer was developed in isopropyl alcohol and the
developer.

p-Type vOECTs. Glass substrates were cleaned following the
same processes as n-type vVOECTs. Then, 3 nm Cr and 150 nm
Au layers were thermally evaporated (in a vacuum at 1.5 x 1073
Pa, at deposition rates of ~0.1 A s™* for Cr and ~1.5 A s™* for
Au, respectively) with a shadow mask, followed by an
additional 15-minute UV-ozone treatment. Subsequently,
p-type blending (gDPP-g2T : DtFDA: Cin-Cell = 10:1:6 in the
weight ratio) was spin-coated at 3000 rpm for 30 s. The gDPP-
22T thin films were then cross-linked by exposure to 365 nm
UV for 3 min and 285 nm UV for 2 min with a photomask, fol-
lowed by developing in chloroform for ~3 s and blow drying.
The 150 nm Au top electrode was thermally evaporated at a
rate of ~1.5 A s™" under vacuum (1.5 x 10> Pa). Subsequently,
the Cin-Cell : DtFDA encapsulation blend was spin-coated at
3000 rpm for 30 s in the glove box and cross-linked by 365 nm
UV exposure for 2 min with a photomask and developed in
chloroform for 3 s.

VOECTS’ electrical measurement

Electrical characterization was conducted with an FS-Pro semi-
conductor parameter analyzer along with a probe station
(Chengdu Chiptest Technology Co., Ltd). An ~2 pL droplet of
PBS (1x) solution was applied to the active area with the inser-
tion of an Ag/AgCl gate electrode (World Precision
Instruments, EP-1) in the electrolyte. For BBL-based vOECTS,
the transfer curves were collected after the devices were cycled

This journal is © The Royal Society of Chemistry 2025
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with transfer characteristics 6 times while for gDPP-g2T-based
devices, no cycling was conducted before the acquisition of the
transfer curves. Stability characterization was conducted by
maintaining a consistent PBS electrolyte concentration (0.01
M) with a PDMS reservoir with a volume of approximately 0.5 x
0.5 x 0.5 cm”® on the top of the device’s active area and approxi-
mately 50 mL electrolyte added. The Ag/AgCl electrode was
immersed in the electrolyte to act as the gate electrode. A
pulsed signal with a frequency of 5 Hz, a 50% duty cycle, and a
Vs from —0.2 V to 0.6 V (with a Vp of 0.1 V) was applied for
50 000 pulses over 10 000 s. After every 2500 pulses, a transfer
characteristic measurement was conducted. The initial 2500
cycles served to stabilize the BBL polymer system, after which
the transfer characteristic was recorded as transfer-0 and the
corresponding extracted parameters were defined as Ion-g, £m-o,
and I,go. For subsequent cycles, the extracted values were
labeled as Ion-xy Zm-x, a0d Iogry

Film thickness characterization

The film thickness was characterized by atomic force
microscopy (AFM). AFM characterization was performed in
tapping mode under ambient conditions.

EIS measurements

EIS measurements were conducted using a Gamry Reference
620. Characterization was performed through the two-elec-
trode measurement, where the source and drain electrodes of
the vOECT were shorted to serve as the working electrode,
while an Ag/AgCl electrode was used as both the counter and
reference electrodes. The DC bias applied to the working elec-
trodes was —0.6 V and the AC bias was 10 mV.

Data availability
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from the corresponding author upon reasonable request.
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